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Abstract 
The surface of a protein is a condense matrix of proton binding sites having wide range of pK values. In domains where 
proton uptake is a part of the catalytic cycle, the surface sites endow the region with special kinetic features which 
represents he ensemble properties of the proton binding sites. Low pK carboxylate can merge their Coulomb cages to form 
an extended proton trap, where the binding of a proton to one is rapidly followed by shuttling to another. Neutral pK 
moieties can act as a temporary proton reservoir which delay the proton at the site, enhancing the probability that upon 
dissociation it will be taken up by the other elements of the active site. These features had been experimentally identified in 
small model molecules, where detailed kinetic analysis was carried out. On the base of these measurements the dynamics of 
protonation of the proton entry sites of bacteriorhodopsin a d cytochrome oxidase were investigated. © 1998 Elsevier 
Science B.V. 
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1. Introduction 
Proton linked energy transducing enzymes operate 
under restrictive conditions; the protons must be 
taken, through a specific entry point [1-4], from an 
environment where their concentrations is 10 7 M or 
less and within the temporal limits set by the turnover 
of the catalytic reaction. Based on the diffusion 
equations, at pH>7 and in the absence of strong 
electrostatic interactions due to the high ionic 
strength of physiological solutions, the time constant 
for proton binding to a site is longer than 1 ms. Yet, 
the average time for proton uptake by cytochrome 
oxidase is -280 txs, and individual steps can be even 
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faster [1,5]. This apparent paradox implies that the 
protonation of the active site is not only by free 
protons but can be mediated by soluble and surface 
buffer groups. The role of buffer on the rate of the 
dispersion of incremental cidity (or added base) had 
been theoretically treated by Junge and McLaughlin 
[6]. In the presence of mobile buffer most of the 
proton flux is mediated by the diffusion of the buffer 
molecules, while the fixed buffer on the surface of a 
protein, or a membrane, slows the spreading of the 
acidity. Indeed, it was observed that the entry of 
protons to the active site of high tumover enzymes is 
mediated by buffer molecule [7], yet in other cases, 
due to buffer inaccessibility [8], it is the free proton 
which enters the site. The problematic ssue of proton 
supply to the proton entry port is further aggravated 
by the fast rate of proton removal from the site by 
0005-2728/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved. 
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mobile buffer molecules. At concentrations higher 
than few mM, buffer molecules can remove a proton 
from a site within less than a ~s, which is much 
shorter than the turnover time of most enzymes. 
Consequently the proton-translocating energy-con- 
serving enzymes must have a mechanism suitable for 
fast binding of protons and retaining them secured 
from the mobile buffer molecules. Both functions are 
attained by the ensemble properties of surface groups. 
When sufficiently close, one to the others, the groups 
assist each other in the binding of bulk protons either 
by the joining of their Coulomb cages or by rapid 
exchange of protons among themselves. We refer to 
these sites as proton collecting antenna nd dedicate 
this manuscript to the properties of the antenna effect. 
The first part will discuss the role of the spacing 
density of the antenna forming groups. Next we shall 
present some results obtained with small model 
molecules. Finally the antenna properties of the 
cytoplasmic surface of bacteriorhodopsin a d cyto- 
chrome oxidase will be presented. 
2. Proton exchange between adjacent groups 
the proton escape dynamics from a single potential 
well [9], which was expanded into a double well 
configuration [11] (Fig. 1). The curves depict the 
dynamics of proton transfer from a donor site to an 
acceptor site that is located at an adjustable distance. 
Both, sites with a charge of Z=-  1, are placed on the 
interface between water with a dielectric onstant of 
s=80 and a low dielectric matrix e=2 like that of a 
membrane or a protein. Due to the dielectric bound- 
ary at the surface the electrostatic attraction is 
intensified so that R c = 14 A [12]. When the sites are 
12 ,g, apart, the efficiency of intersite proton transfer 
is almost 100%. At higher separations the efficiency 
for the delivery mechanism falls sharply. The calcula- 
tions presented in Fig. 1 were carried out for an ideal 
system where no counterions were present. In the 
presence of electrolytes the yardstick for measuring 
the distance between the sites will be the Debye 
length (K) which shrinks with the ionic strengths of 
the solution. Thus, in real physiological systems (I- 
100 mM), the high efficiency proton transfer may 
operate over much smaller distances uch as 8 ~, or 
less. 
A proton, just released from an acidic moiety, 
cannot disperse into the bulk of the solution without 
mounting over the electrostatic barrier of the anion's 
attraction. The size of the barrier is given by the 
attractive lectrostatic potential that decays with the 
distance, reaching the value of the thermal energy at 
the distance given by the Coulomb cage radius (R c = 
Ze2o/ekBT). The electrostatic force causes the proton 
to slide backward with the reformation of the just 
severed covalent bound, a process called geminate 
recombination [9]. The dissociation of an acidic 
moiety is a series of numerous dissociation recombi- 
nation attempts, each leading to an increment of the 
dissociated pair populations [10]. Yet, as time inter- 
vals between proton dissociation and subsequent 
recombination are a few ns or less, the equilibrium is 
established very rapidly. The high efficiency of the 
geminate recombination suggests that when two sites 
are within the R c distance, a proton released from 
one will have a high probability to fall into the next, 
with a minimal oss due to dispersion to the bulk. The 
efficiency of the site to site proton delivery was 
calculated on the basis of detailed reconstruction of
3. Direct measurements of proton transfer 
between adjacent sites 
The experimental model for evaluating the ef- 
ficiency of short distance proton transfer is fluores- 
cein which carries two nonidentical proton binding 
sites; one is at the oxi-anion on the xanthene structure 
(refered to as {_Q-}). The second is on the carboxylate 
moiety attached to C 2 of the phenyl ring (refered to 
as {COO-}, see Scheme 1). Protonation of the {_Q-} 
causes the typical spectral shift of the indicator from 
the alkaline spectrum (Amax=496 nm) to the acidic 
one (Arnax=460 nm). The protonation of {COO-} 
allows a closure of a lactam ring with total loss of the 
chromophoric properties of the dye. The lactam 
formation is a slow reaction, not falling within our 
observation time. 
Besides fluorescein, two of its derivatives were 
also used: the dicarboxyfluorescein where another 
carboxylate is attached on position 4 or 5 of the 
phenyl ring and calcein, a fluorescein-like molecule 
where two methyl amine diacetate moieties were 
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Fig. 1. Simulation proton transfer dynamics between two sites located at the water protein interface as calculated according to Gutman and Nachleil [11]. 
The calculations are based on the numerical solution of the differential form of the Debye Smoluchowski equation [9] for a potential field made by two 
sites, each with a charge of Z=-  1 located at the interface between water (~=80) and a low dielectric matrix (e=2). The Coulomb cage radius for each 
charge is 14 ,~. The ordinate denotes the probability to accumulate protons, released from the donor site, at the acceptor site. The two sites are identical in 
all properties except hat the entry of proton to the acceptor is defined as irreversible. The diminished efficiency with increasing the separation between the 
sites is due to loss of protons to the bulk. 
attached on carbons 3 and 8 of the xanthene structure 
(Scheme 1). 
The rate of protonation of the three molecules were 
measured using pyranine (~bOH) as an excited state 
proton donor [13,14]. A mixed solution of the 
fluorescein (or its derivative) and pyranine was 
excited by a short laser pulse and the protons, 
released from the pyranine, reacted with all proton 
binding sites present in the solution. Typical results, 
measured with fluorescein and dicarboxyfluorescein, 
are shown in Fig. 2, Frame A and B respectively (the 
results obtained with calcein were similar in shape 
and for the sake of brevity are not shown). The top 
curve in each frame records dynamics of the pyranine 
o.  
R 3 ~  R2 
~/HHH~ C°°H 
R~ 
FLUORESCEIN 
DI-CARBOXY-FLUORESCEIN 
CALCE1N 
Rt,R~,R~=H 
R] = COOH ; R2,R~= H
R]ffiH; l~.,l~= CH~-N-(CH2COOH)2 
Scheme 1. 
anion. At zero-time qual amounts of pyranine anion 
(4>0-) and free protons are formed and the released 
protons recombine with the pyranine anion, as mea- 
sured at 458 nm and with the fluorescein (~=496 nm, 
bottom curves). During the first few Ixs both 4)0- 
and Flu- compete for the free protons but, after -2 
Ixs, all free protons are consumed and the system 
relaxes to its initial state mostly by collisional proton 
transfer between the protonated fluorescein and the 
unprotonated pyranine moieties. This mode of re- 
action is shown in Frame A where the fluorescein 
was the indicator. Due to the pK difference between 
the {_O_-} and the {COO-} (ApK=2.2), the former is 
the preferred proton binding site. As a result, the 
protons missing from the pyranine (quantitated by the 
top curve) are all bound to the {_O_-} site, which is the 
mirror image of the top curve. The second car- 
boxylate of dicarboxyfluorescein, (at the 4-5 posi- 
tion) is more basic than the {_O-} site. As a result the 
symmetric shape of the two curves is lost and more 
protons are missing from the pyranine than found on 
the chromophoric site. Those missing protons are 
covalently attached to the basic carboxylate moiety 
(Frame B). The fact that the dynamics evolve to a 
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state where the thermodynamics of the reaction is 
implemented indicate that the rates of the reactions 
fall within the observation time. For this reason the 
kinetic analysis yields the rate constants of the proton 
transfer with high accuracy. 
In spite of the experimental simplicity of the 
system, the analysis of the dynamics is complicated 
by the presence of parallel competing reactions. Each 
of the proton binding sites reacts with the free 
protons in a diffusion controlled reaction and ex- 
changes protons with the others by a collisional 
mechanism. A rigorous analysis of the dynamics is 
attained by a set of coupled, nonlinear differential 
rate equations (one equation for each proton binding 
site) that comply with the detailed balance principle 
[13,14]. The integration of these equations over time, 
using the rate constants as adjustable parameters, 
reproduce the observed ynamics. The solution of the 
equations produced the simulation curves given by 
the continuous lines fitting the experimental tracings 
shown in Frames A and B. Of the many reactions 
involved in the dynamics we shall consider the rate 
constants of the protonation of the chromophoric site 
{_0_-}, the carboxylate {COO-} and the proton trans- 
fer between them, as measured for the three fluores- 
cein derivatives. These values are given in Table 1. 
The rates of protonation, either of the oxi-anion or 
the carboxylates are typical diffusion controlled rate 
constants, compatible with the diffusivity of the 
solvate proton. The rate of collisional proton transfer 
between the fluorescein (or its derivatives) and the 
pyranine are also in accord with the diffusion co- 
efficients of the reactants and their charges. Yet, the 
high quality fit of the reconstructed curves necessita- 
ted the implicit introduction of proton transfer be- 
tween {COO-} and {_O_-}. These rate constants had 
abnormal values, exceeding 10 ~t M -~ s -~. Such high 
rates are theoretically unacceptable for a diffusion 
controlled second order rate constant in a homoge- 
neous solution. Consequently the reaction proceeds in 
a mechanism which bypasses the homogeneous 
model; the proton dissociating from the donor site is 
taken up by the acceptor moiety located on the same 
molecule. Because of the formalistic onvenience of
expressing the reaction as a second order one, the rate 
constants are defined as a 'virtual second order rate 
constant'. The magnitude of the rate constant reflects 
the efficiency of the mechanism but the dimensions 
are virtual. 
For understanding the properties of the dynamics 
of the intramolecular reaction, one should concentrate 
on the proton transfer between a common pair of 
reactants, the {COO-} as a donor and {_0_-} as 
acceptor. The distance between them varies from 6.0 
o 
to 6.8 A, yet the rates vary by orders of magnitudes 
and are not in a linear proportion with the 
distance. Moreover, the positive charge in the calcein 
molecule breaks the continuity of a proton conducting 
pathway from the donor to the acceptor, with a 
dramatic reduction in the magnitude of the virtual 
rate constant. 
The contribution of the intramolecular proton 
transfer to the observed ynamics is refined in the 
reconstruction f the tracings hown in the insets to 
Fig. 2, where the calculated ynamics of the unseen 
proton binding sites is also presented. At the onset of 
the reaction, the single carboxylate of fluorescein 
(curve C in Fig. 2A) reacts with the free protons in a 
diffusion controlled reaction. Within -lpLs, the in- 
tramolecular proton transfer becomes kinetically 
competent and the protons are transferred tothe {_Q-} 
moiety. Some 10 Ixs after the perturbation the in- 
Table 1 
The kinetic and thermodynamic parameters of the chromophoric and the C 2 phenylcarboxylate of fluorescein and its derivatives 
k pK k pK k dm~ n 
Compound {COO-}+tI + {COO-} {_0_-}+ It ÷ {_Q-} {COO-} ---~{9_-} (A) 
Fluorescein (2.5---0.5)× 101° 4.5 (2.5_+0.5)× 101° 6.8 3.0× 1011 6.8 
Dicarboxyfluorescein (3.5---0.5) × 101° 4.0 a (2.5_+0.5)× 10 ~° 6.8 6.0X 10 ~z 6.45 
Calcein b (2.5 ---0.5) × 10 ]0 3.5 ( 1.5 --_0.5) x 10 lO 5.5 9.0 × 10 9 6.0 
a The low pK carboxylate on the phenyl ring, located on C 2. 
b Of the many intramolecular p oton transfer reactions only that from the C 2 carboxylate to the chromophore is given. All values were taken from Ref. 
[24]. 
The listed values were calculated from measurements carried out over a wide range of initial conditions. The rate constants with free protons are given in 
M -~ s -j units, the rate constant of proton transfer from the carboxylate to the chromophore is a virtual second order rate constant. 
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tramolecular equilibrium is established and the 
protons are all on the chromophoric group. Mech- 
anistically the role of the carboxylate is to shuttle 
protons between the bulk and the chromophoric 
group. In the case of dicarboxyfluorescein thepattern 
is more complex; the C 2 carboxylate acts as a shuttle 
exhibiting a vanishing level of protonation, while the 
second carboxylate, having the highest pK in the 
molecule, is the site for proton accumulation. As seen 
in the inset to Fig. 2B, the low pK carboxylate 
undergoes a submicrosecond, vanishing amplitude 
phase of protonation; whenever it binds a proton from 
the bulk it surrenders it to one of its adjacent bases. 
On the other hand the dynamics of the chromophoric 
moiety (pK=6.8) and the high pK carboxylate (pK= 
7.5) proceed almost in tandem. The relaxation time of 
these two moieties ('r-40 txs) is orders of magnitudes 
faster than their dissociation time (-1 ms). This fast 
rate of reaction reveals that their deprotonation 
proceeds by collisional proton transfer to the pyranine 
anion and not by proton dissociation. The same 
feature, the dynamics of deprotonation is through the 
reaction with soluble bases, is common also to 
protein systems (see below). 
The experiments carried out with the fluorescein 
derivatives highlight the dynamics features of a 
proton collecting antenna: (1) The electrostatic attrac- 
tion of the anions increases the proton attractive 
potential of the domain; (2) Moieties with low pK 
deliver their protons to the more basic ones at a fast 
rate, functioning as an extension of the proton 
collecting surface of the more basic moieties; (3) The 
more basic groups retain the proton for an extended 
time period. The delayed proton resides in the 
vicinity as a covalently bound state and upon redis- 
sociation, the probability of its capture by other 
elements of the antenna is increased. In the following 
sections we shall identify these dynamics elements of 
the antenna in some proton pumping proteins. 
4. The proton collecting antenna of 
bacteriorhodopsin 
Bacteriorhodopsin is a well studied, light driven 
proton pumping protein. Following its excitation the 
protein discharges a proton, within -50 I.Ls, to the 
periplasmic space of the bacterium. At the second, 
slower, phase of the photocycle, a proton is taken up 
from the well-buffered neutral pH cytoplasmic space. 
This step of proton uptake can be a rate limiting one. 
The low pK of the cytoplasmic surface carboxylates 
implies that most of the time they will be in their 
nonprotonated state. Thus the proton pick up must be 
done by 'snatching' a bulk proton and locking it deep 
in the protein's tructure. The elements involved in 
this mechanism are the D38 [15] located at the 
surface of the proton conducting channel of the 
cytoplasmic side and D96 [16], located deep in the 
channel, close to the retinal moiety. The low ef- 
ficiency of that system is reflected by the t-10 ms 
needed to protonate D96. The entry of proton to the 
channel is assisted by a proton collecting antenna 
[17,18]. 
The domain where the antenna is located should be 
centered around residue D38, which is at the orifice 
of the proton channel [15]. In order to monitor how 
fast the proton reacts with that site each of the two 
carboxylates (D36 and D38) were replaced by cys- 
teine and labeled by fluorescein [17,18]. The fluores- 
cein labeled purple membrane was suspended in 
dilute pyranine solution and irradiated by short laser 
pulses. The proton ejected from the excited dye 
reacted with the bound fluorescein, with the various 
proton binding sites of the protein and with the 
pyranine anion. The protonation of the fluorescein 
was measured irectly while the protonation of the 
protein was equated with the protons missing from 
the ~bOH. The difference between the fluorescein and 
the ~bO- signals was deduced to be of protons bound 
to all other proton binding sites [17,18]. The ex- 
perimental tracings and the simulated ynamics are 
given in Fig. 3. The bottom curve depicts the 
protonation of the fluorescein attached to the 38th 
residue together with its simulated ynamics. The 
~bO- marked curve depicts the pyranine (~bOH) 
signal, but for sake of clarity we present only the 
simulated curve without he overlapped experimental 
signal. 
The reprotonation of the ~bO- species was found 
to be much slower than in the absence of the protein, 
indicating that the proton binding sites of the pro- 
tein's surface effectively competed for and retained 
the discharged protons. On the other hand very few 
protons were detected to react with the fluorescein 
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Fig. 3. Kinetic measurements and numerical simulation of reversible protonation of fluorescein attached to residue 38 of bacteriorhodopsin. The bottom line 
depicts the transient protonation of the fluorescein moiety (multiple by three). The ~bO line corresponds with the reprotonation of the pyranine anion (the 
experimental points were omitted for sake of clarity), COOH c is the transient protonation of the three carboxylates cluster. In the inset: COOH A depicts the 
dynamics of the nearby carboxylate (identified with D36), COOHn is the single carboxylate that is not linked in proton transfer eaction with the 
fluorescein, and COOHEx is the carboxylate located on the extracellular side of the protein (data taken from Ref. [17]). 
(the signal shown in the figure was magnified 
threefold). The small fraction of protons reacting 
with the fluorescein is not surprising, considering the 
large number of carboxylates moieties on the pro- 
tein's surface. What is not compatible with that line 
of reasoning is the velocity of the protonation of the 
covalently bound dye; the kinetic analysis implies 
that to gain the observed rate of reaction some of the 
carboxylates of the protein must assist in the reaction, 
just like the carboxylate of fluorescein. Five car- 
boxylate moieties were required for simulating the 
observed signals; three carboxylates which were 
deduced to form a tight cluster and two single 
carboxylates. The cluster carboxylates were char- 
acterized by an extremely fast rate of protonation 
(k=(5.9+_0.9)×101° M -1 s -1) and high pK value 
(pK=5.7), features resembling the reactivity of the 
carboxylate-rich side chains of calcein. One of the 
single carboxylates was delivering its proton to the 
fluorescein (on residue 38) with a virtual second 
order rate constant of 2. l 0  j2 implying a very close 
proximity to the fluorescein. This carboxylate is 
identified as D36. The reconstructed dynamics of 
nearby carboxylate has the same features as the 
{COO-} of fluorescein. It exhibits a diffusion con- 
trolled protonation followed by very fast deprotona- 
tion, which coincide in time with the protonation of 
the fluorescein chromophore (inset to Fig. 3). The 
cluster of three carboxylates appears to be a very 
attractive proton binding site, almost 30% of the 
discharged protons reacted with the cluster (Fig. 3, 
main frame) and were retained there for -100 Ixs. 
The function of the cluster can be equated with a 
'cash memory' located near the active site where 
protons are temporarily stored and, when released, 
are taken up by the active site. 
It is of interest o point that the dynamics of the 
fifth reactive carboxylate, marked in the inset as 
COOH B follows an independent time course with a 
long relaxation time. This observation implies that 
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kinetically it is not coupled with the antenna system 
of the protein, meaning that the size of the antenna is
smaller than the surface of the bacteriorhodopsin. 
Bacteriorhodopsin is a small protein with a limited 
size to its proton collecting antenna. To find out to 
what extent this mechanism is functioning in a 
complex protein, the studies were extended to cyto- 
chrome oxidase. 
5. Pulse protonation of cytochrome oxidase 
Cytochrome oxidase is located at the apex of the 
aerobic energy producing system. All electrons de- 
rived from the various substrates are funneled to 
cytochrome oxidase where they reduce dioxygen to 
water. During the course of the reaction the enzyme 
consumes four protons for the production of water 
and four more are pumped across the membrane. All 
eight protons enter the protein from the same side but 
through two pathways, the D pathway through which 
six or seven protons are taken up and the K pathway 
which supplies one or two protons during the rere- 
duction of the fully oxidized enzyme [19,20]. Natu- 
rally the proton flux through the pathways i unequal; 
the D pathway is protonated at a rate which exceeds 
the diffusion controlled reaction [4] while the K 
pathway operates at a lower rate. 
The surface of cytochrome oxidase carries a large 
number of proton binding sites of which many are 
histidine moieties. To test whether the surface of the 
enzyme acts as an effective antenna, the Rhodobacter 
sphaeroides enzyme was labeled by fluorescein 
maleimide at a fortuitous ite, Cyst (III-223), and the 
dynamics of protonation were monitored in the time 
resolved omain [21]. The enzyme was subjected to 
proton pulsing and the dynamics were analyzed. The 
protonation of the fluorescein was found to proceed 
by two major pathways; diffusion controlled reaction 
of the fluorescein with free protons and through a 
local antenna structure made of one carboxylate and 
one to three histidine moieties. The deprotonation f 
the fluorescein was found to be coupled with -11 
histidine moieties on the protein's surface. The 
pyranine reacted with the histidine moiety and as the 
equilibrium among the surface groups was estab- 
lished the fluorescein lost its proton• The time 
constant of the surface deprotonation was -100 ixs. 
Unlike the common otion that the main pathway for 
proton release is through acid dissociation, we have 
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Fig. 4. Dynamics of reversible protonation of fluorescein attached to the E. coli quinol oxidase (bO3) .  The protein was labeled by fluorescein-maleimide 
using the mutants (I,A303C) and (I,D135C). Frame A: The measurements were carried out with 2.5 I~M fluorescein bound at the entrance of the D cannel 
(D135C), at pH=7.43 using 28.5 I~M pyranine. Frame B was measured with the fluorescein attached to the orifice of the K pathway (U] A303C) 
(pH=7.04, 21 ~M pyranine). 
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experimentally demonstrated that the mechanism 
proceeds through the reaction with soluble moieties. 
This was the case with the fluorescein derivatives, in 
bacteriorhodopsin preparations [17,18,22] and cyto- 
chrome oxidases. 
As the proton collecting antenna ppears to be of a 
limited size, the vicinity of the D and K pathways 
were investigated using the Escherichia coli quinol 
oxidase (bO3) as a model [23]. The protein was 
mutated and cysteine was introduce at the entry to the 
D or the K pathways (D135C) and (A303C) of 
subunit I, respectively. The labeled enzyme was 
subjected to proton pulse and the results, together 
with the simulated ynamics are presented in Fig. 4. 
In both cases the capacity of the protein to compete 
for the protons is so high that we do not observe the 
rapid reaction of the protons with the pyranine anion 
(compare the top tracings in Fig. 4 with those in Fig. 
2). The protein bound protons are retained for more 
than 50 Ixs before the protein surrenders its protons to 
the pyranine anions. Examination of the fluorescein 
signals at the D or K pathway reveal a fundamental 
difference between the two; the D pathway site is 
rapidly protonated as expected from a high flux 
proton port. The protonation of the K pathway is a 
long continuous process which had not reached its 
maximal amplitude ven after 25 txs. 
6. Concluding remarks 
The timed reaction of protein with protons is a too 
crucial reaction to be left in the hands of random 
processes. The mechanistically important proton 
binding sites were tailored to fit their role. The 
functional elements for proton delivery are low pK 
carboxylates which act as electrostatic attractors and 
proton-shuttle moieties. These elements are con- 
densed in clusters not much larger than -10 A. The 
velocity of proton transfer among them is quantitated 
by a 'virtual' second order rate constant. The ef- 
ficiency of the process is a function of the separation 
between the proton binding sites, the electric po- 
tential and the state of the solvent at the immediate 
vicinity. The other functional element of the surface 
are neutral pK groups that function as local proton 
reservoirs. Their presence nsures a longer dwell time 
of a proton near a reactive site. The combination of 
these elements were found to control the dynamics of 
proton transfer in small molecules as well as in large 
protein. 
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